Introduction
A growing list of proteins with dual localization at sites of cell adhesion and within the nucleus highlight the intimate connection between nuclear events and cell adhesive properties. They play pivotal roles in coordinating key cellular activities such as gene expression, cell division, cell ± cell adhesion and cellmatrix interaction. Many of these proteins are also involved in the neoplastic progression of epitheliaderived tumors Hoover et al., 1998; Kanai et al., 1994; Moll et al., 1997) . Numerous studies have revealed how b-catenin functions in cell ± cell adhesion in a structural role and within the nuclei by facilitating TCF/LEF-1 transactivation (Aberle et al., 1996; Simcha et al., 1998) . Moreover, exogenous expression of b-catenin speci®-cally altered the expression of cell adhesion, cell migration-related genes such as ZO-1 and UkA-1, suggesting that the structural and signaling roles of bcatenin can be physically independent, but functionally linked (Mann et al., 1999) . The recently identi®ed Ybox transcription factor ZONAB is yet another example of a nuclear transcription and cell adhesion related protein. ZONAB localizes to nucleus and to tight junctions. Through its absence or presence at the tight junctions, ZONAB, together with ZO-1, may directly participate in the control of gene expression, thereby, regulating epithelial cell dierentiation (Balda and Matter, 2000) . Studies of molecules, such as bcatenin and ZONAB have brought to the forefront the intriguing interplay between nucleus and cell adhesion complexes. It is tempting to postulate that elements of gene expression and cell adhesion may coordinately function in governing essential cellular activities including division, adhesivity and migration.
A central role for Pnn/DRS/memA in regulation of cell adhesion, nuclear events and tumor progression is emerging. Several studies have indicated a role for PNN at sites of cell adhesion, as well as within the nucleus (Brandner et al., 1997; Ouyang, 1999; Ouyang and Sugrue, 1992, 1996) . The PNN gene is located within the TS locus 14q13 (D14575-D145288) (Shi et al., 2000a) . Diminished PNN mRNA and protein levels have been documented in transitional cell and renal cell carcinomas (Shi et al., 2000a) . Restoration of Pnn expression in transformed cells not only positively in¯uenced cellular adhesive properties, but also reversed the transformed phenotype of anchorageindependent growth (Ouyang and Sugrue, 1996; Shi et al., 2000a) . The potential involvement of Pnn in cancer development was also suggested by aberrant expression of Pnn/DRS/memA in melanoma (Degen et al., 1999) . Furthermore, Stanford Cancer Microarray Project and NCI60 Cancer Microarray Project have revealed a down regulation and/or mis-regulation of expression of Pnn in cancer cell lines and tissues (Perou et al., 1999; Ross et al., 2000) . Interestingly, when Pnn was overexpressed in established epithelial cells, the cells adopt a hyperepithelial phenotype (Shi et al., 2000b) . When such Pnn-overexpressing epithelia were scrape-wounded, they demonstrated limited ability to carry out the cell shape changes and tissue reorganization requisite for successful cell migration and wound closure (Shi et al., 2000b) . These data led us to hypothesize that increased levels of Pnn expression positively aect epithelial cell adhesion, and negatively aect cell proliferation and migration. It follows that expression levels of Pnn may impact on gene expression, which would aect tumor cell behavior.
To investigate the changes in gene expression following Pnn expression, we employed the ecdysone-inducible expression system. This approach aorded us the opportunity to conduct timed gene expression analyses, subsequent to induction of Pnn expression. The results from these studies demonstrated an intriguing pattern of Pnn-dependent gene expression changes including genes involved in cell cycle regulation (Edwards et al., 1997; Harada and Ogden, 2000; Sherr, 1995) , cytoskeletal organization (Moorman et al., 1999) , extracellular matrix turnover, and dierentiation. These data suggest that Pnn expression is linked to the expression of numerous genes, which may impact the growth, adhesive, and invasive qualities of cells.
One of the early changes observed in gene expression following Pnn induction was the up-regulation of p21 cip1/waf1 . p21 cip/waf1 has been identi®ed to be an important component in the regulation of the cell cycle progression, anchorage-dependent growth, and gene expression (Mueller et al., 2000) . The expression of p21 cip1/waf1 can be regulated by several proteins including p53, TGF-b and MyoD Kannan et al., 2000; Rorke et al., 2000) . The increase of Pnn expression in 293 cells resulted in the stimulation of the p21 promoter activity. We propose that Pnn, through its aect on gene expression of target genes such as p21 cip1/waf1 , may be involved in the reversal of anchorage-independent growth typically associated with the tumorigenic phenotype.
Results

Inducible expression of PNN gene in EcR-293 cells
To address the molecular mechanism(s) of Pnn-induced changes in cell adhesion and growth properties, we developed two derivatives of the transformed 293 kidney cell line. We utilized the ecdysone-inducible mammalian expression system to control the exogenous expression of Pnn in EcR-293 cells (293 cells with constitutively expressing RXR receptors) [In vitrogen] . ECR-293 cells were stably transfected with pIND vectors containing either PNN-GFP or GFP alone. We selected one clone of each transfected line (EcR293-PNNGFP and EcR293-GFP), which exhibited tightly regulated expression of PNN-GFP or GFP as indicated by GFP¯uorescence and Western blotting. The time course of induction by ponasterone-A was analysed by Northern and Western blots. While no PNN-GFP or GFP mRNAs were detectable at 1 h post induction, after 4 h Northern blots revealed signi®cant signal for both PNN-GFP and GFP. The induced mRNA levels reached a maximum between 4 ± 8 h of induction ( Figure 1a ). As expected, protein levels of inducible PNN-GFP and GFP increased steadily during the 48 h of monitoring as shown on Western (Figure 1b) . In addition, uorescent signal from the GFP tag could be readily detected in PNN-GFP and GFP-expressing cells within 24 h of induction in greater than 99% cells. As detected by epi¯uorescence, the majority of the exogenously expressed PNN-GFP protein localized within nuclear speckle-like domains of the interphase nucleus, while GFP was diusely distributed throughout the entire cell. The localization of expressed PNN was consistent with nuclear localization of endogenous Pnn in 293 cells (Ouyang, 1999) . (Ouyang and Sugrue, 1996) . The PNN-GFP-expressing cells remained tightly adherent and formed dense epithelioid islands (Figure 2b ). Consistent with this restored epithelial phenotype, PNN-GFP-expressors exhibited very strong cell-cell adhesion with increased levels of cell adhesion protein, E-cadherin (Figure 2, lower panel) . The dierence in phenotype due to Pnn expression was most evident when EcR293-PNN-GFP and EcR293-GFP cells were plated on non-adherent substrata. The Pnn-expressing cells form tight multicellular spheres (Figure 3c ), while the non-expressors remained attached to the substrate, exhibited spreading, and formed disorganized aggregates (Figure 3a,b) .
Evaluation of cultured cells EcR293-PNNGFP (+/7) and EcR293-GFP (+/7) revealed that Pnn induction was sucient to signi®cantly slow colony growth (data not shown). To examine the kinetics of pinin-induced growth inhibition of 293 cells, we counted the number of cells at 24 h intervals, up to 5 days post-induction with ponasterone-A. As shown in Figure 4a , induced Pnnexpression in EcR293-PNN-GFP resulted in fewer cells, presumably due to an inhibition of cell proliferation, as little cell death was observed. The inhibition expressed speci®c to cells expressing Pnn, because addition of ponasterone-A did not aect the growth of EcR293-GFP cells. There was however, a slight, yet signi®cant, reduction in cell counts of uninduced EcR293-PNN-GFP cells, which may be indicative that the ecdysoneregulated PNN-GFP construct may leak low levels of PNN-GFP (even though Northerns and Westerns did not detect PNN expression). Consistent with this explanation, detectable levels of GFP and PNN-GFP mRNAs were found in uninduced cultures by RT ± PCR (data not shown). Nevertheless, the data clearly demonstrate that, consistent with its potential role as a tumor suppressor, Pnn, not only impacts the cell adhesivity, but may in¯uence cell proliferation. To evaluate Pnn's impact on cell cycle progression, we next carried out cell synchronization and FACS analyses. While GFP and uninduced PNN-GFP exhibited rapid (within 8 h) release from G 1 following removal of hydroxyurea, PNN-GFP expressing cells exhibited signi®cant G 1 -S delay with a corresponding prolongation of S phase (Figure 4b ). These data support the observation that Pnn expression may impede progression through the cell cycle and thereby reduce cell proliferation.
Induced expression of Pnn resulted in changes of gene expression
To approach the molecular mechanism underlying how Pnn may exert its in¯uence on cell phenotype and cell growth, we employed the Atlas TM Human Cancer 1.2 cDNA Arrays (Clontech) in combination with ecdy- (2) horizontal comparisons at the same time points between PNN-GFP and GFP-controls were also performed ( Figure 5 ). We were then able to identify changes in gene expression due to exogenous Pnn expression, while eectively ruling out eects of culture conditions, inducing agent, time in culture, and relative cell con¯uence of cultures. An intriguing pattern of genes exhibited altered expression subsequent to induction of Pnn expression. These genes fell into distinct functional groupings, including cell cycle regulation, transcription regulation, cell motility and invasion. A list of the genes demonstrating greater than twofold change in expression level is provided in Table  1 . We observed increase in CDK inhibitor p21 (Harada and Ogden, 2000) , We also observed a decrease in the pro-proliferative proteins CDK4 and CPR2 (Edwards et al., 1997; Sherr, 1995) . Down regulation of transcription that which favor cell transformation and cell activation (C-jun, C-myc) (Bohmann et al., 1987 ; Figure 3 Induced EcR293-PNNGFP cell lines cultured on nonadhesive surface exhibited limited spreading and migration. Dark ®eld micrographs of the induced EcR293-GFP+(a), uninduced EcR293-PNNGFP 7 (b), and induced EcR293-PNNGFP+(c) were taken after 7 days culture on non-adherent substrata. Induced GFP and uninduced EcR293-PNN-GFP cells were able to spread and migrate on the unchanged surface. The induced EcR293-PNN-GFP cells did not exhibit spreading or substantial substrate attachment, and formed tightly compacted multicellular spheroids (c). Bar 100 mm Claassen and Hann, 2000; Dang, 1999; He et al., 1998; Kitaura et al., 2000) , and depression of promotility genes such as Rho-A, MMP-7, and EMMPRIN (Adachi et al., 1999; DeCastro et al., 1996; Kwon et al., 2000; Moorman et al., 1999) . Also observed was a concurrent increase in metalloproteinase inhibitor, TIMP-1 (Bramhall et al., 1997) ,and the upregulation of a TGF-b family member MIC-1 (Bauskin et al., 
Pnn induced change in p21
cip1/waf1 protein expression
We next focused on Pnn's impact on p21 expression. The increase in p21 expression after 24 h Pnn induction is evident at the mRNA level. There was more than a 50% increase of p21 mRNA in the ®rst 24 h induction of Pnn as shown by real-time PCR (Figure 7a ). Furthermore, signi®cant increasing p21 protein was also detected by Western blot analysis during 48 h induction of Pnn. Analysed by Bio-RAD Gel-1100 QAUNTATIVE ONE 1 , there was roughly 60% at 24 h and 150% at 48 h increased p21 post Pnn-induction, while there is no signi®cant change 4 h post Pnn-induction. Other proteins such as p27, p36, PCNA virtually remained unchanged (Figure 7b ). Together with array analyses, these data indicate that increase in Pnn expression resulted in increase p21 expression.
Expression of exogenous PNN resulted in activation of the p21 promoter
To further investigate the in¯uence of expression of Pnn on p21 cip1/waf1 expression, we next asked if Pnn expression could be linked to p21 promoter activity using p21 luciferase reporter construct (generously provided by Dr Bert Vogelstein) (el-Deiry et al., 1993) . We transfected the EcR293-PNN-GFP and EcR293-GFP with the p21 promoter construct ( Figure  8a ). As shown in the Figure 8a , upon induction of Pnn expression, luciferase activity increased to about twofold greater than that of uninduced or induced GFP-expressors cells. Notably, the basal and GFPinduced and PNNGFP-uninduced luciferase activity in cells were similar. In addition, co-transfection of 293 cells with p21 promoter luciferase construct and either C'-myc-tagged human Pnn, N'-Flag-tagged canine Pnn, or C'-myc tagged canine Pnn resulted in very similar stimulation of luciferase activity. However, co-transfec- Figure 6 Real time RT ± PCR and Western analysis con®rmed the array data. (a) Using total RNA derived from induced GFP (GFP+), non-induced EcR293-PNN-GFP (PNN-GFP), and induced EcR293-PNN-GFP (PNN-GFP+) cell lines, CDK5, TIMP-1 and EMMPRIN mRNA levels were compared by real time RT ± PCR analysis with their speci®c primers. Relative amount of real time RT ± PCR products was compared to control GFP+ (column 2), after normalizing to GAPDH. Consistent with the array data, the real time PCR con®rmed that Timp-1 was increased about twofold while expression of CDK5 and EMMPRIN were decreased around twofold at 24 h-post Pnn induction. (b) CDK4 expression was analysed by Western blot. Total cell lysates of EcR293-GFP cell (G) and EcR293-PNNGFP cells (PNN) were obtained 24 h post-induction. Lysates were blotted and analysed using anti-CDK mAb and tubulin mAb. As determined by BIO-RAD Gel DOC 1100 Quantative ONE program, 50% decrease in CDK4 protein levels were seen after 24 h induction, while tubulin levels remained unchanged (Figure 8b ). We next carried out co-transfection of the p21 promoter luciferase construct with a series of truncation mutants of Pnn (Figure 9 ). It is evident that, while C'-truncations had little impact on p21 promoter stimulation, deletion of Pnn residues 1 ± 118 signi®cantly aected Pnn's ability to stimulate p21 promoter activity. Interestingly, the Pnn truncations, which are not able to increase p21 luciferase promoter activity, also demonstrated atypical nuclear import and subnuclear localization of the expressed proteins (data not shown). Taken together these data suggest that p21 cip1/waf1 expression is signi®cantly increased as the result of Pnn expression. , MIC-1, TIMP, and downregulation of cell cycle and cell migration-promoting genes such as CDK4, CDK5, RhoA and MMP-7. EMMPRIN and RhoA. We suggest that one mechanism for the apparently wideranging function of Pnn may be through in¯uencing the expression of central cellular control genes, one of which is p21 cip1/waf1 . It is likely that such a dramatic change in cellular phenotype as to both adhesive qualities and cell growth, would involve coordinated changes in gene expression of components of varied regulatory pathways. Here, we analysed changes in gene expression utilizing cDNA arrrays. Of the 1200 tumor-related genes analysed, about a dozen demonstrated a consistent and veri®able changes in their expression subsequent to Pnn induction. These changes in gene expression, although falling into four distinct functional categories (Table 1) , as a whole were concordant with increased epithelial quiescence, increased adhesion, and decreased motility/proliferation. For example, we observed decreased expression of CDK4 and increased expression of p21 cip1/waf1 . It is well known that decrease in CDK4 and increase p21 cip1/waf1 would result in the interruption cell cycle progression from G1 to S (Harada and Ogden, 2000; Sherr, 1995) . While the speci®c pathways and mechanisms by which Pnn regulates the expression of these genes, is currently under further investigation, alterations observed at the molecular level are largely consistent with observed cellular behavior subsequent to exogenous Pnn expression.
The involvement of CKI's, such as p21
, in control of anchorage dependent growth has been established (Fang et al., 1996; Orend et al., 1998; Wu and Schonthal, 1997) . We demonstrated that transformed cells (293 cells), which exhibit anchorageindependent growth, became anchorage-dependent upon expression of Pnn (Shi et al., 2000a) . We also demonstrated that p21 cip1/waf1 levels are upregulated subsequent to increasing Pnn expression. The linkage between the expression of cell ± cell adhesion-related molecules, such as cadherins, and the cell cycle regulator p21 cip1/waf1 has been previously established. However, the speci®c relationship of cell ± cell adhesion and anchorage dependent growth seems to be cell type speci®c. Cadherin is required for anchorage-independent growth and survival of HgC-3 oral squamous carcinoma cells, whereas cadherin inhibits anchorageindependent growth and EMT/6 mouse mammary carcinoma cells (St. Croix et al., 1998) . Intriguingly, p21 cip1/waf1 may regulate anchorage independent growth of HCT116 colon carcinoma cells by regulating Ecadherin expression (Mueller et al., 2000) . We have shown that levels of both p21 cip1/waf1 and cadherin are increased following Pnn induced expression in 293 cells. The potential inter-dependence of p21 and cadherin on the cell growth qualities of the 293-Pnn cells is currently under study. It is however, tempting to speculate that Pnn may be a key determinant of both p21 and cadherin regulation.
The CKI, p21, has also been proposed to act at a convergence point of several intracellular signaling pathways, including p53, TGF-b, and Rb pathways Relative ®re¯y luciferase activity measured by dual luciferase assay 293 cells were cotransfected with 0.2 ug p21 promoter construct, 0.02 mg pRl-SV40 plasmid, and 1 mg of either GFP control or PNN-GFP plasmids. At 36 h post-transfection, relative luciferase activity was measured using the dual luciferase assay system (Promega). While C 1 terminal deletion constructs 1 ± 509 and 1 ± 638 stimulate luciferase activity similar to full length PNN, N 1 terminal deletion constructs showed no increase and perhaps even repressed luciferase activity compared to GFP control. The average relative luciferase activity+s.d. (n=3) Pnn affects cell growth through p21 cip1/waf1 Y Shi et al al., 2000; Sheikh et al., 1994; Snowden et al., 2000) . Data derived from cDNA array, real time RT ± PCR, Western analysis and promoter reporter assays indicate that Pnn in¯uenced p21 expression. Pnn induction also resulted in an increased expression of TGF-b family member MIC-1. Interestingly, the expression of p21 cip1/waf1
and MIC-1 can also be regulated by p53 (Kannan et al., 2000) . These data raise the question of p53's involvement in Pnn-induced upregulation of p21 and MIC-1. We did not observe an increase in p53 expression subsequent to Pnn induction, which may suggest a p53-independent regulation of p21 and MIC-1. However, further studies are currently underway to address this point by exploring Pnn in a p53
(7/7) cell. The interesting decreases in RhoA, MMP-7 and EMMPRIN, with the simultaneous increase TIMP-1 expression, following Pnn induction are all quite consistent with the observed phenotype of the Pnn expressing cells. One of the striking observations of PNN-overexpressing cells is the near absence of rues and lamellapodia along the leading edge of wounded epithelial cultures (Shi et al., 2000b) . The Rho-like GTPase, RhoA has been demonstrated to be a major determinant of cytoskeletal organization and a key regulator of epithelial cell adhesion, cell architecture, and cell migration (Sander and Collard, 1999) . For example, expressing RhoA dominant negative (N19-RhoA) inhibits membrane ruing, lamellae formation, and epithelial cell migration (O'Connor et al., 2000) . The role of matrix proteinases in the tumorigenic phenotype has been well established. Indeed, MMP-7 has been shown to be elevated in numerous tumor models (Adachi et al., 1998 (Adachi et al., , 1999 Tanimoto et al., 1999; Yamamoto et al., 1995) . Furthermore, EMM-PRIN, (sometimes referred to as basigin) a membrane cell adhesion protein of the IgG family (Berditchevski et al., 1997; Biswas et al., 1995; Bordador et al., 2000; DeCastro et al., 1996; Guo et al., 1998) , has been demonstrated to enhance the production of MMP's by tumor cells (Biswas et al., 1995) . The combination of downregulation of EMMPRIN and MMP7 and the upregulation of TIMP-1 would be indicative of a less invasive cell phenotype. Taken together these data suggest that Pnn expression induces a coordinate change in the expression of RhoA and MMP-related genes leading to a less invasive phenotype.
While a Pnn-mediated increase in p21 cip1/waf1 promoter activity was apparent, the mechanism by which Pnn mediates this eect remains unclear. While to date no clearly established direct DNA interactions have been described for Pnn, it is likely that Pnn may participate in protein complex that regulates promoter activity. One comparable example for Pnn's action may be bcatenin. Recently, Takemaru and Moon (2000) have identi®ed CBP as a transcription co-activator (Hecht et al., 2000) , that cooperates with b-catenin to activate transcription via its CREB-binding domain. Adenovirus EIA oncoprotein, which is known to inhibit CBP, repressed b-catenin-dependent transcriptional activation (Takemaru and Moon, 2000) . Intriguingly, EIA, like Pnn, has been shown to positively impact epitheliogenesis by transcriptionally inducing an array of epithelial cell adhesion genes while repressing other genes, thus producing an epithelial phenotype (Frisch, 1994 (Frisch, , 1997 Fischer and Quinlan, 1998) . While EIA protein can interact with nuclear acetylases, p300, CBP, P/CAF and co-repressor CtBP (Fischer and Quinlan, 1998; Jones, 1995) , it seems that EIA-CtBP interaction accounts for the activation of epithelial cell adhesion genes (Frisch, 1997; Grooteclaes and Frisch, 2000) . Interestingly, Snail, a transcription factor, which represses the transcription of E-cadherin and drives epithelial to mesenchymal transformation, may also mediate its repression through interactions with CtBP or other similar co-repressors (Batlle et al., 2000; Cano et al., 2000; Criqui-Filipe et al., 1999; Nibu et al., 1998) . These reports lead us to speculate that Pnn may induce coordinated change in transcription by direct or indirect involvement in such global repressor and/or activator complexes.
This investigation is signi®cant in that it is the ®rst demonstration of a potential mechanism underlying the action of Pnn. The linkage of Pnn expression to expression of genes such as p21 cip1/waf1
, MIC-1, and RhoA signi®cantly advance our understanding of the function of Pnn in epitheliogenesis, and will assist the determination of the involvement of Pnn in tumorigenesis.
Materials and methods
Cell lines and cell culture
HEK 293 cells were cultured in DMEM (Bio Whittaker) containing 10% FBS (Mediatech Cellgro), 2 mM glutamine, and 200 U/ml each of streptomycin and penicillin-G. EcR-293 cells, which stably express the ecdysone receptor, were purchased from Invitrogen and maintained in aforementioned culture medium plus 400 mg/ml of Zeocin (Invitrogen). The EcR293-PNNGFP and EcR293-GFP cell lines were created by transfecting EcR-293 with 10 mg of pIND-GFP or pIND-PNN-GFP by using the calcium phosphate method. Stable transfectants were selected for 4 weeks in DMEM+400 mg/ ml of G418 (Life Technologies)+400 mg/ml of Zeocin (Invitrogen). Surviving colonies were individually cloned from the stable pool and expanded. For induction of GFP or PNN-GFP expression, 2 mg/ml of ponasterone-A (Invitrogen) was added to the cell cultures. Clones were screened for GFP¯uorescence, and selected for further analyses. For cell growth under non-adherent conditions, 2610 5 EcR293-PNN-GFP or EcR293-GFP cells in DMEM were seeded in a 100 mm uncharged polystyrene plate with or without inducer ponasterone-A.
Plasmids and constructs
The ecdysone-inducible pIND mammalian expression vector, which contains an essential cis-acting regulatory element E/ GRE and Drosophila minimal heat shock promoter (Invitrogen), was used to generate pIND-GFP and pIND-PNN-GFP. The 0.7 kb coding region of humanized GFP (gift from Dr Nick Muzyczka, University of Florida College of Medicine, Center for Gene Therapy) was ligated to the 3' end of 2.2 kb coding region of human Pnn (PNN) cDNA, and the 2.9 kb chimeric cDNA fragment was cloned into the pIND vector and designated pIND-PNNGFP. To construct the control pIND-GFP vector, the 0.7 kb coding region of humanized GFP cDNA was cloned into pIND. The construct of cPNN-myc and¯ag-cPNN were generated by subcloning C' myc-tagged and N' Flag-tagged full length canine Pnn (S208L) into the pcDNA3.1 expression vector. Antisense PNN expression vector AS-PNN was created by subcloning full length PNN into pcDNA3.1 in antisense orientation with respect to its CMV promoter. GFP ORF was PCR ampli®ed and placed into pCI-neo at NotI and EcoRI sites and designated pCI-neo-GFP-N and pCI-neo-GFP-E, respectively. PNN domain 1 ± 638 was cleaved from pCDNA3.1 PNN myc/his at EcoRI, inserted into the pCI-neo-GFP-E EcoRI site 5' of GFP, and designated hPNN 1 ± 638 GFP. PCR-ampli®ed domains PNN 558 ± 717 and 639 ± 717 were digested with SalI, inserted into pCI-neo-GFP (a generous gift of Dr Gerard Shaw, University of Florida Brain Institute) at SalI, and designated hPNN GFP 558 ± 717 and hPNN GFP 639 ± 717. Domain 119 ± 717 was PCR-ampli®ed from pcDNA 3.1-hPNN-myc/his. PCR-ampli®ed domain 119 ± 717 and hPNN GFP 638 ± 717 were cleaved using EcoRI, and the resulting fragment 119 ± 683 was ligated into the cleaved hPNN GFP 639 ± 717 vector (replacement of 638 ± 683 with 119 ± 683). The resulting clone was designated GFP 119 ± 717. hPNN 1 ± 509 was excised from pcDNA3.1 hPNN myc/his using XhoI/ScaI, and inserted into the EcoRV site of a pcDNA3 plasmid modi®ed to contain the HAepitope tag with a 3' TGA 3' and the EcoRV site, and designated hPNN 1 ± 509 HA. All PNN-related constructs were veri®ed by bi-directional sequencing.
Total RNA extraction and Northern analyses
Total RNA was extracted from the samples with TRIzol Reagent (Life Technology). Twenty mg RNA from each sample were separated on a 1.5% formaldehyde gel and transferred to Nylon membranes. Blots were probed with 32 P-labeled full-length humanized GFP cDNA. Pre-hybridization was conducted in ExpressHyb solution (Clonetech) at 688C for 30 min. Hybridization was conducted in ExpressHyb solution containing the 32 P-labeled cDNA probe at 688C for 1 h. Blots were washed in 26SSC+0.05% SDS at 258C for 30 min, followed by two washes in 0.16SSC+0.1% SDS at 508C for 40 min. The blots were then subjected to autoradiography using Kodak ®lm (Kodak).
Antibodies and immunoblotting of whole cell extracts
Mouse anti-E-cadherin mAb was purchased from ZYMED. Mouse anti-p21 cip1/waf1 mAb and anti-PCNA mAb were purchased from Transduction Laboratories. Anti-GFP mAb MMS-118P was purchased from BABCO and mouse anti-atubulin mAb was purchased from NeoMarkers.
For immunoblotting cells were extracted as described by Ouyang and Sugrue (1996) . Thirty mg protein was loaded and run on 6 ± 10% SDS-polyacrylamide gels. Proteins were transferred to nitrocellulose, and immunoblotting was carried out as described previously (Ouyang and Sugrue, 1996) . Primary antibodies were used at dilution 1 : 1000 for anti-GFP, -E-cadherin and -a-Tubulin mAbs, and 1 : 250 for antip21 cip1/waf1 and -PCNA mAb. Primary antibodies were detected by a 1 : 10 000 dilution of peroxidase-coupled secondary antibody (Boehringer Mannheim, Indianapolis, IN, USA). Peroxidase was then visualized by ECL reagent (Amersham), and blots were exposed to Kodak ®lm (Kodak). Exposed ®lms were documented using a BIORAD Gel-Doc 1000 system according to the provided procedure, and image ®les were processed using Adobe Photoshop 5.0.
Cell growth analysis
The in vitro growth rate of uninduced and induced PNN-GFP and GFP cells was assessed using the trypan blue exclusion assay. The cells were plated at 2.5610 5 /well in a 60 mm cell culture plate in triplicate and cultured in complete culture medium. The number of viable cells was determined by trypan blue exclusion at 24 h intervals for 5 days. The experiment was repeated three times.
Cell synchronization and cell cycle analysis
Uninduced and induced EcR293-PNN-GFP and EcR293-GFP cells were cultured in complete medium for 24 h, then shifted to 0.5% serum containing DMEM for 48 h. Cells were then incubated in complete medium for 6 h, then hydroxyurea was added to a ®nal concentration of 50 mM. After, 14 h cells were washed several times with complete medium. For¯ow cytometry, synchronized cells were harvested at set time points, ®xed in 70% ethanol, and then treated with 100 U/ml of Rnase A and 50 mg of propidium iodide. At least 30 000 cells were scored using a FACScan ow cytometer. Cell cycle distribution was analysed with cellQuest software.
cDNA-arrays analyses
Human cancer 1.2 Atlas cDNA array membranes and related reagents were purchased from Clontech and analyses were conducted according to manufacturer guidelines (www.Clontech.com). Probe mixtures were synthesized by reverse transcribing 10 mg of each total RNA population isolated from cell lines using the cDNA Synthesis (CDS) Primer Mix speci®c for the Atlas Human Cancer 1.2 cDNA Arrays (Clontech) and a-33 P dATP. Each 33p-labeled probe mix was hybridized to separate array membrane in ExpressHyb+ss testes DNA overnight at 688C. Plasmid and bacteriophage DNA were included in the membranes to control for hybridization speci®city. Several housekeeping cDNAs were also included in the membrane for normalizing mRNA abundance. Membranes were washed the following day in wash solution 1 (26SSC, 1% SDS) 46 for 30' at 688C, then in wash solution 2 (0.16SSC, 0.5% SDS) 16 at 30' at 688C. After the high-stringency washes, arrays were exposed to Xray ®lm (Kodak BioMax MS) at 7708C with a BioMax MS intensifying screen. The ®lms were scanned into Adobe Photoshop as a TIFF ®le. The hybridization patterns were analysed automatically by AtlasImage TM 1.0 (Clontech) according to the recommended software procedure.
Real time RT ± PCR
Total RNA was extracted from EcR-293-GFP+, EcR-293-PNN-GFP-and EcR-293-PNN-GFP+ cells 3 h post-induction. Subsequent to DNase I treatment, ®rst strand cDNA was synthesized by using GIBCO kit. Quantitative real time PCR was performed with an ABI PRISM 7700 sequence detection system (Applied Biosystems) using SYBR green PCR Core Reagents (Cat.# 4304886, Applied Biosystems). Primer sequences used for each individual real time PCR reaction are listed in Table 2 . Varied concentrations of cDNA Pnn affects cell growth through p21 cip1/waf1 (16, 0.16, 0.016, 0.0016) were used to generate the calibration curve for each primer set. Forty cycles of PCR was performed at least four times for each primer set, and cDNA loading was normalized by Human GAPDH. The mean and s.d. from repeated experiments were used for calculating the relative amount of gene transcript and were compared to EcR-293-GFP samples.
Dual-luciferase reporter assay
The p21 cip1/WAF1 promoter luciferase reporter construct was a generous gift from Dr B Vogelstein (Oncology Center, Johns Hopkins University). PGL3-control ®re¯y luciferase reporter vector and PRL-SV40 Renilla luciferase control reporter vector were purchased from Promega. PGLcontrol vector served as a positive control for the ®re¯y luciferase expression, and PRL-SV40 served as an internal control for the transfection eciency. The EcR-293-PNN-GFP, EcR-293-GFP and HEK 293 cells were plated into 24-well culture plates at a density of 5610 4 cell/well and grown overnight to 50 ± 60% con¯uence. Each experiment was run in triplicate. Cells were transfected using the calcium phosphate method. To optimize expression of luciferase reporter and PNN-constructs, control co-transfection assays were conducted using DNA amounts ranging from 0 ± 5 mg for each plasmid. We selected 0.2 mg for p21-promoter reporter construct, 0.02 mg for PRL-SV40 vector, 0.04 mg for the positive PGL3 control vector, and 1 mg for PNN constructs, GFP and empty vector controls. The ®re¯y and Renilla luciferase activity were measured by Dual-luciferase 1 reporter assay system (Promega) with a luminometer (Model monolight 3000, Pharmigen) according to manufacturers guidelines. To correct for transfection eciency and variation of culture conditions, ®re¯y luciferase activity was normalized to Renilla luciferase activity. Results were presented as the relative luciferase activity, and were shown as the mean+standard deviation. 
